Prevalence of red sea bream iridovirus among organs of Japanese amberjack (Seriola quinqueradiata) exposed to cultured red sea bream iridovirus
INTRODUCTION
The first outbreak of red sea bream iridovirus (RSIV) disease was recorded in cultured red sea bream (Pagrus major) in Japan in 1990 (Inouye et al., 1992) . Following the rules for nomenclature of the International Committee on the Taxonomy of Viruses, RSIV, infectious spleen and kidney necrosis virus (ISKNV) (He et al., 2000) and turbot reddish body iridovirus (TRBIV) (Shi et al., 2004) belong to the genus Megalocytivirus, have a dsDNA genome approximately 111 kb in length and form the newest genus within the family Iridoviridae (Jancovich et al., 2012) . Megalocytivirus infection of fish is a serious problem in both marine cultured fish and also ornamental fish, mainly in East and South-east Asia (Jeong et al., 2003 (Jeong et al., , 2008a Paperna et al., 2001; Sudthongkong et al., 2002) . However, IP: 54.70.40.11 On: Thu, 27 Dec 2018 11:13:57 results of a comparison of phylogenetic analyses of the major capsid protein (MCP) and ATPase among them revealed that they could be divided into three groups (Kurita & Nakajima, 2012) . Furthermore, it seems that there are also differences in their biological characteristics (e.g. marine isolates of ISKNV group viruses are easier to propagate in culture than RSIV group viruses) (Kurita & Nakajima, 2012) , and although mortality was observed in experimental infections of ISKNV between 25 and 34 u C (He et al., 2002) , optimum replication of the RSIV group viruses was observed at 20 or 25 u C (Nakajima & Sorimachi, 1994) and the outbreak of TRBIV disease in South Korea in 2003 occurred at 17-18 u C (Kim et al., 2005) .
For RSIV disease, rapid diagnosis methods using specific mAb and PCR assays (Kurita et al., 1998) were developed and are currently being used. In addition, a formalin-killed vaccine was also developed (Nakajima et al., 1997 (Nakajima et al., , 1999 and is now commercially available in Japan for several fish species for disease control. However, RSIV is still a severe causative agent for disease in marine aquaculture fish in East and South-east Asia (Jeong et al., 2006; . To prevent the spread of damage caused by this disease to other areas and potentially new hosts, we think that information from basic virological research such as viral kinetics in fish as well as epidemiological studies are essential. However, information to assess viral kinetics in fish is limited since few reports of experimental infection of RSIV using the immersion route, which approximates to the natural infection route, are available. Mass cultivation of RSIV is difficult since serial passage of RSIV in cell lines results in a gradual decrease of infectivity (Nakajima & Sorimachi, 1994) . Jun et al. (2009) also reported that experimental infections to rock bream Oplegnathus fasciatus with RSIV, using splenic homogenate of infected fish as inocula, showed a loss of infectivity of the virus following cell culture passage. Although there are a lot of results from experimental infections using the RSIV genotype, most studies have been carried out by intraperitoneal (i.p.) or intramuscular (i.m.) injection of a virus cell culture or homogenate of diseased fish (Jeong et al., 2008a, b; Jun et al., 2009; Kim et al., 2012; Nakajima et al., 1997; Oshima et al., 1998) . Jung et al. (1997) and Tanaka et al. (2003) reported 90 and 75 % mortality of red sea bream by immersion infection with RSIV of 10 2.7 and 10 0.8 TCID 50 ml 21 which was passaged on grunt fin (GF) cells (Clem et al., 1961) , respectively. However, since the main purpose of these reports was to study the histopathology of RSIVinfected fish (Jung et al., 1997) and the effectiveness of fasting against red sea bream after infection (Tanaka et al., 2003) , they did not detail the procedures for the propagation of RSIV. Furthermore, although Lua et al. (2005) also used RSIV isolated on GF cells for DNA microarray analysis, they did not describe the passage of the virus.
Kyung Choi et al. (2006) reported the detection of RSIV DNA in several tissues from asymptomatic rock bream at a hatchery and aquaculture farm; however, the kinetics of the viral infection was not shown. Thus, information on viral kinetics in fish after infection, such as the prevalence of RSIV among the organs of experimentally immersed fish, is limited.
In the present paper, we describe a method to evaluate the titre of RSIV and then also detail a method for sustainable propagation of RSIV using GF cell lines. The experimental infections were continuously performed using RSIV cell culture as the inoculum to Japanese amberjack (Seriola quinqueradiata) by immersion at three different concentrations. In addition, in order to investigate the prevalence of virus among the organs of experimentally infected fish, viral DNA was quantified by the real-time PCR method following viral inoculation by immersion.
RESULTS

Development of the titration method for RSIV using mAb M10
When the titre of the first passage of RSIV (KagYT-96 isolate) in cell culture was estimated by the conventional method, is was evaluated as 10 3.3 TCID 50 ml 21 ; however, when the titre was estimated by the developed immunofluorescence antibody test (IFAT) method using mAb M10 , which specifically reacts with RSIV-infected cells, it was evaluated as 10 5.3 TCID 50 ml 21 .
Measurement of the titre of sequential passages of RSIV Sustainable propagation of RSIV KagYT-96 isolate was successful in GF cells at 25 u C. The cytopathic effect (CPE) was characterized by the appearance of round, bright cells induced on GF cells by RSIV inoculation at 5-7 days postinoculation (p.i.) ( Fig. 1b) . Continuously, the size of GF cells which were infected by RSIV at 10-15 days p.i. seemed to shrink to 50-30 % in comparison with the same age, non-infected GF cells ( Fig. 1d ). On the other hand, round, bright and shrunken cells were not observed in non-infected GF cells through 15 days of subculture ( Fig.  1a , c). The infected cells did not completely detach from the bottom of the flasks. Consequently, the titre of one, three, five and eight passages of virus cell culture was achieved by the developed method using mAb M10. As a result, the titre of sequential passages was constant between 10 5.3 and 10 5.5 TCID 50 ml 21 (Table 1) .
Experimental infection
Cumulative mortality curves of experimental infection, and results of detection of RSIV DNA by PCR and reisolation of virus from dead fish are shown in Fig. 2 and Table 2 , respectively. The fish which were inoculated with the virus showed cumulative mortalities of 100, 100, 100 and 50 % after i.p. injection, and immersion in 10 22 , 10 23 and 10 24 diluted RSIV cell culture, respectively. The mortality levels in the i.p. injection group and the groups immersed in 10 22 and 10 23 diluted RSIV were significantly higher compared with the negative control group. Mortality in the group immersed in 10 24 diluted RSIV, however, was not significantly different. One fish died in the negative control group. The initial body weight (12.2±1.12 g) was not different among the groups. After the infection trial, the fish of the experimental group were fed daily a diet at approximately 1 % of body weight. However, the affected fish showed a low appetite after the virus infection from approximately 5-20 days. In contrast, the fish of the negative control group maintained a good appetite, and thus their total length and body weight were bigger than the fish of the infected groups after experimental infection (Table 3) . RSIV DNA was detected from the pooled sample of spleen and kidney from all dead fish in the infected groups. Viral DNA was detected from all the tested organs in two of five surviving fish at 25 days post-exposure (p.e.) in the immersed 10 24 group. The viral DNA was not detected from any fish of the negative control group. The virus was reisolated from the spleen and kidney pooled sample of nine of 10 dead fish in the i.p. injection and 10 22 and 10 23 diluted RSIV groups, and likewise the virus was reisolated from four of five dead fish in the 10 24 diluted RSIV group.
Sequential quantification of RSIV DNA from fish by real-time PCR
Sequential quantification of RSIV DNA by real-time PCR from the caudal fin, gill, spleen, kidney, heart and intestine of fish immersed in 10 22 diluted RSIV cell culture at 13 days p.e. and surviving fish of the 10 24 diluted group at 28 days p.e. is shown in Table 4 . The values of RSIV DNA were under the detection limit (one copy of RSIV DNA per well) from all the tested organs of three sacrificed non-infected fish on the initial day. Viral DNA could be detected from all the tested organs of all asymptomatic and dead fish sampled from 3 to 13 days p.e. At 3 days p.e., the values for the caudal fin, spleen and kidney were higher than the other organs. Although there was much variation among values, the values for the spleen and kidney were higher than the other organs at 7 days p.e. At 10 days p.e., the difference of values among individuals was less than 7 days p.e. with the values of the spleen being the highest. Mortality was observed from 13 days p.e. when the values of each organ were higher than the values of the other sampling days. Five surviving fish were obtained from the group of fish immersed in 10 24 diluted RSIV cell culture. Viral DNA could be detected from all of the tested organs of two of them, and the values for the spleen were still higher than the other organs. Interestingly, the quantities of viral DNA for each organ from one of the two fish were approximately equal to the dead fish. The values of RSIV DNA were under the detection limit for all of the tested organs of the other three of the five surviving fish.
DISCUSSION
This paper is the first report to detail methods for the titration and continuous passage of an RSIV group isolate using GF cell lines. In addition, the results of a successful experimental infection trial of Japanese amberjack by immersion with the propagated virus in vitro and viral kinetics in the infected fish are also shown in this study.
Among the Megalocytivirus, the MFF-1 cell line has been shown to be susceptible to the ISKNV group isolate (Dong et al., 2008) . Furthermore, the TK cell line from turbot kidney and the TF cell line from turbot fin (Fan et al., 2010) were recently found to be susceptible to TRBIV isolate. However, RSIV isolation and sequential passage in vitro is still not easy, although some trials on marine fish cell lines have shown them to be highly susceptible to RSIV (Imajoh et al., 2007; Wen et al., 2008) .
In this study, we demonstrated that RSIV was continuously passaged with certain inoculation and passage techniques using GF cells, which are sold by the American Type Culture Collection (ATCC) or the European Collection of Cell Cultures. Using this method, in which infected cells with some degree of CPE were dispersed with both the old medium and new medium, the virus titre of sequential passages was constant. Although the virus titre was estimated by virus that had been passaged eight times, and the eight-times passaged virus was used for the experimental infection in this study, RSIV was passaged sustainably more than 15 times by the developed method using GF cells. We were also able to obtain RSIV isolates from several other diseased fish species and propagated the virus several times with the same techniques. Moreover, since the infected cells were not completely detached from the plastic bottom after inoculation with RSIV, it is difficult to evaluate definitely the bright, round cells showing the CPE in the wells which were inoculated with high-diluted RSIV cell culture. However, the method of titration of RSIV developed in this study solved the problem since the infected cells were clearly distinguished from other non-infected cells by the IFAT using mAb M10. mAb M10 specifically reacts with RSIV-infected cells. Therefore, the result of titration using this mAb shows the tissue culture infectious dose. Nakajima & Maeno (1998) reported that the pathogenicity of RSIV isolated from red sea bream for Japanese amberjack was also demonstrated by i.p. injection. In this Prevalence of RSIV among organs of experimentally immersed fish study, we confirmed high mortalities in experimental infection trials of Japanese amberjack infected by i.p. injection. In addition, Japanese amberjack which were immersed with the virus cell culture at 10 22 and 10 23 dilutions also showed high mortalities. Even in the group immersed with the virus cell culture at 10 24 dilution, 50 % of the fish died due to RSIV disease. In this study, since we used Japanese amberjack juveniles bred from broodstock with no history of RSIV disease, the susceptibility of the fish to RSIV might have been high.
When the inoculum of the homogenate of the pool of the spleen and kidney was added to the GF cell suspension, we could succeed in reisolating the virus from dead fish at a high rate ( Table 2) . The virus could not be reisolated from a remaining sample of the organs as these organs were in a state of advanced tissue decay since the experimental infection was performed at 25 u C. This disease is prevalent in the high-water-temperature season. One reason that virus isolation from the diseased fish was difficult may be due to tissue degeneration. Even though ISKNV could be easily propagated in MFF-1 cells, almost all of the previous studies have been performed by i.p. injection (Xiong et al., 2011; Xu et al., 2008 Xu et al., , 2010 . Go & Whittington (2006) reported virulence of dwarf gourami iridovirus (DGIV), which belongs to the ISKNV genotype, to Murray cod Maccullochella peelii peelii in a cohabitation experiment; however, they did not mention the prevalence of the virus among the organs after the virus infection. Moreover, regarding other infection experiments including other members of the genus Megalocytivirus, i.p. or i.m. injections of the homogenate from the organs of diseased fish or isolated viruses were used as the inocula in most reports (Chou et al., 1998; He et al., 2002; Jeong et al., 2006 Jeong et al., , 2008a Jun et al., 2009; Kim et al., 2012; Nakajima et al., 1997; Oh et al., 2006; Oshima et al., 1998) . Thus, there is minimal information on the virus kinetics of fish after virus infection by immersion, which is known to closely approximate the natural infection conditions.
In this study, it is shown that through all stages from the early period of infection to the recovery period of this disease, the quantity of RSIV DNA in the spleen was the highest of all the tested organs. Thus, it is strongly suggested that the most suitable target organ for RSIV in the Japanese amberjack is the spleen. From the results of the comparisons among sampling days, the values of viral DNA from dead fish at 13 days p.e. were the highest in all the tested organs. It seems that RSIV could propagate beyond the threshold for death in these dead fish. However, since it is well known that the susceptibility of juveniles is generally higher than adults and fish belonging to the genus Oplegnathus are more sensitive than other genera (OIE, 2012), the threshold value causing death may vary according to the size and fish species. Kyung Choi et al. (2006) reported that RSIV DNA was predominantly detected from the heart, stomach, intestine, muscle, eye and gill rather than the spleen from asymptomatic rock bream O. fasciatus from an aquaculture farm. This difference between the Japanese amberjack and rock bream may be due to the difference in fish species. Moreover, viral kinetics may differ in each fish species as a result of differences in sensitivity. Jun et al. (2009) reported that rock bream kept at 13 u C for 30 days after i.m. injection with splenic homogenate from RSIV-infected fish showed 100 % mortality after a shift of water temperature from 13 to 25 u C over 17 days. Furthermore, they also reported that relatively low levels of the RSIV genome were continually detected from the spleen of injected fish which were kept at 13 u C over 45 days. Likewise, in this study, viral DNA could be detected from all the tested organs of two of five surviving fish which appeared to completely recover from the disease. This result might suggest that these fish continue holding the virus in the body during the winter season and will become a potential source of infection during the next summer after an increase in the water temperature. Further study is needed to demonstrate this hypothesis.
METHODS
Cell line. GF cells (Clem et al., 1961) were purchased from ATCC. Cell lines were maintained in basal medium Eagle (BME; MP Biomedicals) supplemented with 10 % FBS (Equitech-Bio) and antibiotics (100 U penicillin ml 21 and 100 mg streptomycin ml 21 ), and were cultivated at 25 uC.
Virus. The virus used for the present study, RSIV KagYT-96, was isolated in 2010 using GF cells from a diseased Japanese amberjack frozen at 280 uC originally sampled in Kagoshima Prefecture in 1996. Homogenate of the spleen was prepared with approximately 50 times volume of BME and passed through a 0.45 mm filter after centrifugation (400 g, 4 uC, 10 min). Then, 500 ml of the inoculum was added into a 25 cm 2 flask containing suspended GF cells just after dispersion and the GF cells were incubated at 25 uC for isolation of the virus.
Development of the titration method for RSIV using mAb M10.
To accurately evaluate the titre of RSIV, titration was performed using both 96-well clear-bottom plates and normal 96-well plates (both Corning). Sets of eight wells of both 96-well microplates seeded with the same passage of newly subcultured GF cell suspension were inoculated with serial 10-fold dilutions of virus inoculum and incubated at 25 uC. The clear-bottom plate was fixed with a mixture of acetone and ethanol (8 : 2) for 10 min after 7 days inoculation and dried. The plates were then overlaid with mAb M10 , which specifically reacts with RSIV-infected cells, and then incubated in a humid chamber for 30 min at 37 uC and rinsed with PBS/Tween. FITC-conjugated goat anti-mouse IgG serum (MP Biomedicals) was applied and the samples were incubated for 30 min at 37 uC. After another rinse, the fluorescence-positive cells were observed with a fluorescence microscope. The normal 96-well microplates used to titrate RSIV by the conventional method were incubated for 2 weeks. The end-point for each dilution series of the developed method using mAb M10 was determined by the appearance of positive cells using IFAT. The endpoint of the conventional method was determined by observation of any CPE under a normal microscope.
Method for the continuous propagation of virus in cell culture.
For passage of the RSIV KagYT-96 isolate-infected cells showing a degree of CPE were dispersed with both the old medium and new medium including 10 % FBS in a split ratio of 1 : 2. The supernatant of the viral culture after one, three, five and eight passages (using the methods described above) was aliquoted into 3.6 ml cryo tubes (Nunc; Thermo Fisher Scientific) and stored at 285 uC until use for the titration and experimental infection. Tubes were thawed and titrated into 96-well clear-bottom plates (Corning) by the developed method using mAb M10 as described above.
Fish. Japanese amberjack in this experimental infection were bred from broodstock with no history of RSIV disease at the Goto Laboratory, Seikai National Fisheries Research Institute. Eggs were obtained by artificial fertilization using the broodstock. Fry of Japanese amberjack were initially fed rotifers (Brachionus plicatilis) enriched with plus-aqualan (BASF Japan) until 2-25 days after hatching and brine shrimp Artemia nauplii enriched with plusaqualan (BASF Japan) until 19-31 days after hatching, and were then fed a commercial feed afterwards. All stages were maintained in sandfiltered seawater to minimize possible infection from any other pathogen. The juvenile fish were transported to the National Research Institute of Aquaculture and then were reared in fibre-reinforced plastic tanks.
Experimental infection. For experimental infection, 64 juvenile Japanese amberjack (initial body weight 12.2±1.12 g) were used. The fish were divided into six groups each of 10-14 fish. Fish of one group were intraperitoneally injected with 0.1 ml of supernatant of eight passages of virus cell culture at 10 5.3 TCID 50 ml 21 (measured with the developed IFAT method). The other four groups were immersed for 1 h in the same supernatant of virus culture diluted at 10 22 (group for mortality observations), 10 22 (group for sampling), 10 23 and 10 24 with sand-filtered seawater. A further group was injected with culture medium without virus as the negative control. All groups of fish were kept in 60 l tanks at 25.0 uC and fed commercial diet twice a day; mortality was observed for 25 days. The 'sampling' group of fish immersed in 10 22 diluted RSIV cell culture were sacrificed after anaesthesia by 2-phenoxyethanol on selected days (initial, 3, 7, 10 and 13 days) following viral exposure by immersion, and the caudal fin, gill, spleen, kidney, heart and intestine of two or three of the surviving and all individuals of the dead fish were tested for RSIV DNA by PCR, The RSIV DNA in each organ was continuously quantified by realtime PCR as described below. Likewise, these organs of the surviving fish of the group immersed in 10 24 diluted RSIV cell culture were tested for RSIV DNA and the RSIV DNA was quantified. The spleen and kidney of all dead fish were pooled for each group for mortality observations and used for virus reisolation. Details of the experimental design and fish size of each group are summarized in Table 3 .
Virus reisolation from dead fish. In the experimental infection, the homogenate of the spleen and kidney pool from the dead fish was prepared with approximately 50 times volume of BME and passed through a 0.45 mm filter. Then 500 ml of the filtrate was added into a 25 cm 2 flask containing suspended GF cells just after dispersion.
Detection of viral DNA from fish by PCR. The PCR was performed using specific primers to RSIV; 1-F and 1-R set (OIE, 2012) . For samples of each organ, the total DNA was extracted using the Gentra Puregene Tissue kit (Qiagen). The reaction mixture for PCR was KOD FX (Toyobo) used according to the manufacturer's protocol. The thermocycling profile was performed according to published protocols (OIE, 2012).
Real-time PCR for quantification of viral DNA. For samples of each organ, the total DNA was extracted using the Gentra Puregene Tissue kit (Qiagen). RSIV DNA was quantified using the THUNDERBIRD Probe qPCR Mix (Toyobo) according to the manufacturer's instructions. To quantify the iridoviral DNA present in the sample, real-time PCR was performed using a Mx3005P qPCR System (Agilent Technologies) according to the manufacturer's instructions. Primer sequences for quantification of viral DNA were designed according to the RSIV MCP gene (GenBank accession no. AB666333.1). The primers used were ivMCP186F (59-CGGCC-AGGAGTTTAGTGTGACT-39) forward primer and LUX (Light Upon eXtension) fluorogenic FAM-labelled (Life Technologies) ivMCP288R-FAM (59-FAM-CGTCCGCTGTTCTCCTTGCTGGAC-G-39) reverse primer, which correspond to nucleotide positions 186-288 in the RSIV MCP gene. The amplification conditions were: 95 uC for 1 min followed by 40 cycles at 94 uC for 15 s, 55 uC for 30 s and 72 uC for 30 s. No evidence of non-specific amplification was found. As a positive control, a plasmid (pGEM-T Easy vector; Promega) containing the above target region was purified from transformed Escherichia coli DH5a. A serial 10-fold dilution of the control plasmid (1.0610 6 to 1.0610 1 copies ml -1 ) was used to establish a standard curve. The standard curve, which was generated using the mean data from experiments performed in duplicate, indicated a good linear relationship between the threshold cycle (C t ) value and the logarithmic plasmid concentration (Fig. S1 , available in JGV Online). The quantified RSIV DNA in the sample was shown as numbers of copies per milligram total DNA. The concentration and purity of all template DNA was verified using spectrophotometry (ND-1000; Nanodrop).
Statistical analysis. Fisher's exact test was used to compare cumulative mortality among each infection group and the negative control group. Statistical significance was determined to be at P,0.01.
